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A u t h o r  N o t e

‘1’his  articlc colltai~ls results  froll~tllc  Galileo  s~)acccraft's  arrival at Jupitcron  l)ccetntjcr7,

1995. Wcrc~)ort tllcdiscovcry  ofatri-  axial  gravity  ficldfor  t}lci1l1lcr~l~ost  Galilcatlsatellitc

10. IIascd on this discovery, wc cxmcludc that 10 has a large metallic core. If tllc core is a

cutcctic  mixture of iron and iron sulfide, it lnost  likely com~)riscs 20.2 pcrccuit  of 10’s mass

atld  extends to 52 pcrccnt of its rncall  radius (1 821.3 km).
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A} IS’J’RACT

[Jsiltg tl)c C;alileo  s~)acccraft’s  2.3 GIIz (13 cJn) trallslnittcd  c.arricr  wave, the  Na-

tional Aeronautics and S~lace Ad]~]illistratjoI]  's])cc]j S] Jacc Network gc1lcratcdra,di[~

l)opp]cr  data around the time of Jupiter arrival, including the 10 flyby on 7 l)ecein-

ber,  1995. Near the time of 10 closest ap])roach at an altitude of 897 km, t}lcse  data

mvcal a. clear] y detect  able gravity signal, The signal’s source is a tri- axial gravity

field characterized by spherical harmonics J2 and C22. Our measured value of C22

cxccwds  the expected nonhyd~ostatic  value by a factor of 25 or more. q’hcreforw,

it providcx a useful  boundary condition on interior models. Assuming that 10 is a

body in tidal  and rotatiolia]  equilibrium, we conc]udc it has a large metallic core.

)f the core is a eut,ectic  ]nixture  of iron and iron sulfide (F’e- FM core), it comprises

20.2 + 7.4 percent of lo’s total mass (8.932 x 1022 kg). Alternatively, if the core

is pure iron (Fe core), it comprises 1 ().5 4. 3.75 percent of the total mass. The

corresponding radius for the 11’c  11’cS core is 942 + 118 k]n, or about 52 pcrce]lt  of

10’s ]ncan radius (1821.3 km). ‘]’hc radius for the alternate I“C core is 651 3-79  k]n,

or about 36 pcrccnt  of the mean radius. Wc also report improved masses for Io,

Europa, and Jupiter. The new mean densities for 10 and Mropa  arc 3529.44: 1.3

and 2984 + 46 kg m-3, respectively.

Introduction

10 is arguably the Inost  Lizarrc object it[ tl]c solar systcm - - at least it is the lnost  volcanic.

It is covcrcd by  flows of sulfur, su]fur  compounds, and si]icatcs.  Its mmn density of 3529 kg

111–3 and rugged topography suggest an i~)tcrior cojnpriscd  of silicates, similar to tile interiors

of tllc Earth and the Moon, as well as llcavicr  mcta]s (1 ). lo’s proxi]nity  to Jupit,cr,  altnost
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318 times mom lnassivc than Earth, distinguishes it from the MOOI],  t]iough  10 and the Mocm

arc similar ill some respects (2). IIowcvcr,  forces producing a rotational clistortion  arc 220

(Iilncs larger on Jo than on the h40011.  l’urthcrmorc,  Io’s tidal  clistortiol]s  arc c.o~n])arablc  in

l]lagnitudc  to its rotational distortions (3).

Assu]ning  10 is a body in tidal and rotational equilibrium, wc arc justified ill co]lcc]]-

t,rating the gravity analysis on two }~ydrostatic  gravity cocfllcicnts,  J2 and C22 (4). If the

nonhydrostatic  C22 is comparable to that of the Moon (C22 = 22.3 x 10–6), it is just about

at the limit of dctmctahility  with the Galileo flyby. Ilccause  tl~e flyby gravity signal  is about

25 times larger (Fig. 1), it represents a detection of the hydrostatic component. For the

nonhydrosta.tic  Moon, the dimensionless and scaled moment of inertia C/MIL2  = 0.3904 is

dctcrmincd  from a combination of the Moon’s gravity field and p}lysica] libratiorls  (C is

t}]c moment of inertia about t}lc  rotation axis). IIowcvcr,  for 10, the moment of illcrtia is

dctcr~nined  by Radau-])arwin  cqui]ibrium  tllcory alone (5). ‘J’his  derived InoIncmt of illcrtia

~wovidcs  all inq~ortant  co]]straint  on the dcgrcc of ccvltral condensation in tllc interior. h’or

a sphere of constant density, C/M Itz = 2/5, so aliy value of C/MIl.2  significantly smal]cr

ilnp]ics  SOIJIC dcgrcc of ccntra] condensation.

2 Data

‘1’llc Galileo spacecraft’s  tclccomnlunicatio~]  systcln is ]ilnitcd by the loss of a l]igl]-  ga in

alltcnna  that failed to u]lfurl  before  Jupiter arrival (6). l)urirlg  10 flyby, radio signals at S

bal]cl  (2.3 ~llz or 13 c]n wavelength) were transmitted to llarth  using a low- gain antc]lna  alld

a tcmpcraturc control]cd  crystal oscillator (USO) for frequency rcfcrc]lcc.  q’hc I)cc])  Space
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Network  (l)SN) cmnpcnsatcd for tllc  low sigl]al  to Iloisc ratio by using recmlt]y  dcvclopcd

low- ]Ioisc digital rcc.civcrs (Illock  V). Also, tllcy  tracked the spacecraft with tllcir largest

70 meter antennas in California, Australia, and Spain. IIcsidcs  extracting cngillcming  arid

scicllcc  tclclnctry,  they generated l)opp]cr  data from the carrier wave. ‘1’hcse raclio  ])opl)lcr

data,  in a format of discretely samp]cd cycle count, were clcctrollically  delivered to the

Galileo Project’s Navigation Team, W11O in turn made them available to us. We })avc placed

the data in the public  domain by transferring all data files used in our analysis to 9-- track

lnagnetic  tape, and by sending copies to the National Space Science Data Center, Goddard

Space Might  Center. Any further pcrlnancnt  archiving of the data will bc accomplished by

tlc National Aeronautics and Space Administration’s Planetary Data System.

}Iccause  the USO is temperature controlled, it is subject to a minimum of cnvironmcnta]

effects. IIowever, crystal oscillators arc inlmcnt]y  less stable than atomic frcqucmcy  stal]-

dards. II CI]CC, the DSN  sometimes gcncratcs  p]iasc-  coherent ]Iopplcr data using the space-

craft’s transponder and t})c I)SN’S tllrcc ‘70-] nctcr  stations rcfcrcnccd to hydrogen masers.

We have il)cluded  l)oppler  mcasurclnellts  gcnmatcd  outside critical periods surrounding 10

flyby. ‘l’he cohcrcnt  data, although gcncratcd  when the spacecraft was too far from 10 to

reveal a gravity signal, ncvcrthcless  ~)rovidc  a stable basclillc  for the USO data. Also, by

providing information on the Io flyby  orbit, they free the USO data for the gravity-field

determination.

‘1’llc data used in our analysis start,  witl~ cohcrcllt  l)opl)lcr  at 4 Dcccmbcr  1995, 01:52:13

(all times arc Universal Time Coordil,atcd,  U’J’C, at Eart},  rcccption  of tl,c Galileo signal),

and end with USO data at 7 lkxxnbcr  1995, 20:59:30,  about  two hours before  tllc start

of relay data from the C;alilco Atmospllcric  l’robe (7). ‘1’hc l)opp]cr  starti]]g time is early
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cl]ougll  to assure a good  orbit  dctcrnlil)atioll  duril]g  10 flyby (closest apptoac]l  at 18:38:00).

‘1’wo criteria dctcnnil]ccl  the cl)dillg  tilnc. First,  tllc  d a t a  cJ]dcd bcfom  a pm~)ulsiol~  burn

at about 8 ])cccmhcr 01:19. ‘1’])is burl]  inserted the s~)acccra.ft  into the dcxircd  Jupiter or-

bit. inclusion of data during t,he propulsion ma~jcuvcr  would have introduced  troublcsolnc

110:]- gravitational forces on the spacecraft motion. Second, although tllc US() was relatively

ilnmunc  to environmental effects, it cxpericnccd  a significant shift in frequency as the radia-

tion dose from Jupiter’s magnctospllcric  partic]cs  incrcascd. Any US() data taken afi,cr (,]Ic

sclcctcd ending time would have seriously biased the orbit dctcrmillation,  and col~scquclltly

the gravity results.

‘1’l]c reduced data for the cxpcrimcnt arc Doppler frequency data, Frequency data arc

defined as the diflcrcncc  in cycle count at two tilncs divided by the time interval. h40st of

the rcduccd frequency data arc sampled at 60 s, Lut  near 10 closest approach, for an intcrva]

of about two }lours, the USO data arc sampled at 10 s. This sampling strategy suppresses

tl]c  hig]l - frequency Fourier Iloisc components (low- pass filter), and, in addition, it assures

adequate resolution of the gravity signal during flyby.

3 Data Analysis

Wc used the Orbit Determination Program (01)}’) of the Jet Propulsion laboratory (J 1)1,)

to fit the radio l)opp]cr  data by l~onlil]car weighted least squares (8).  2’llc one-sigma error

011 each l)opp]cr  velocity mcasurcmcnt was assumed equal to 2 IJIJTI s–’ for both lJSO data

and  cohcrcnt l)opplcr  data sampled at 60 s. F’or the two hours of lJSO data salnl)led  at

10 s, the one sigma error was illcrcascd by the square root of six. An 01)1’ algoritl]ln,

5



i-tpj)licd  automatical ly,  illcrcascd  the ])opp]cr  error at ]owcr c]cvation  ailg]cs  wit]) res])cct  to

!,I]c statiol]’s  horizon.

A total of 23 paramctcm were adjusted to find the local Illinimuln  of tl)c  wciglltcd  resid-

uals.  ‘J’he nonlinear process succcssfull  y converged. ‘1’}]c paramctcxs  cor]sisted  of the six

cartcsian position and velocity coordinates of the spacecraft; six similar cartcsian coordi-

nates for lo’s cphcmcris  (orbit); three GM values for, resl)cctivcly,  tl]c  Jupiter systcm, ICI,

and Nuropa;  the 10 gravity cocflicicnts  J2 and C22; and six polynomial coc~cicnts that fit the

drift in the spacecraft oscillator (USO) by two quadratic polynolnia]s  (spacecraft time as in-

dcpcndcnt  va.riablc).  Both the spacecraft orbit and the 10 orbit were numerically integrated

at each iteration in the nonlinear process. All other dynamical and geodetic paramctms  were

fixed at currc]ltly  acccptcd values (9). The orbits and station coordinates were rcfcrcnccd

to the J2000 systcm  using the latest J]’], l,unar  and l’lanctary  l)cveloplncnt  ltphcmcris

(111;  403). hflodcls for the Earth’s polar motion and nonuniform rotation were proviclcd  by

the l)SN,

All 10 gravity cocficicnts  except J2 and C2Z were fixed at zero, a rcasonab]c assumption

given their expcctcd size. The coefficient J2 could not bc dctcrmincd indepcndcnt]y  of lo’s

GM and C2Z, so wc imposed the hydrostatic constraint that Jz is exactly 10/3 of C2Z. ‘J’hc

adjustment of Europa’s mass was an aft,crthought,  only included when wc saw a c]car signal

in the USO l)opplcr  residuals near Europa closest approach. ‘1’hc  removal of this signal

required a rcduct,ion  in the Europa lnass  dctcrmincd by l’io]lccr  at~d Voyager flybys by 0.19

pmccnt,  consistent with its prior error of 0.38 pcrccnt (1 O).

Obviously, not all colnpol]cnts  c]f lo’s cpllcnlcris  could bc dctcrlnincd  froln a sillglc  flyby,

so we i~)troduc,cd  prior information (n- dilncmsiona]  Baysian statistics) in the forln of a covari-
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N)CC ]natrix dctcrmincd from  ground- based  observations (1 1 ). !l’llc Galileo radio ])o]}pler

data irlcrcased 10’s orbital radius by 9.64 4.2 kin,  while tllc  adjustlncvlt  to orbital velocity of

-3963”” 130 mm s ‘1 left Io’s total orbital energy and orbital angular momcnltum  unaffected.

A cl~angc in orbital energy would have changed lo’s orbital period, and hcncc  would have

lmcn inconsistent with long- tmn astromct,ric observations. Similarly, a significant c.hangc

to allgu  lar monmntum would have produced an u]] acccptab] y large c}] angc to orbital ecccn  -

txicity.  Wc avoided such inconsistencies by using integrated satellite cphcmcridcs  and their

associated covariance  matrix as a priori information (12). In terms of osculating clcmcnts

at the OD1’ epoch, the incrcasc in orbital radius produced a correction of 0.07472° to IOfS

osculating true anomaly. ‘1’hc orbits] longitude was unaffected, however, so the positive

c}langc in true anomaly was offset by a corresponding negative change in the longitude of

lo’s pcrijovc  location (1 3).

‘J’l]c two quadratic polynomials for the USO drift were assumed indcpcn]dcnt.  The first

starlmd  at the 01)1’  epoch of 4 l)cccmbcr 01:52:02 U’]’(7  and ended 16 minutes after 10 C1OSCS(,

ap])roach.  This polynomial revealed a dccreasc in the USO frequency by  46 mIlz over the

89 hour interval. At S band (2.3 (.311z) this amounted to a change in fractional frequency

Av/v of 1.6 x 10-1 1, WC]] within the limits of plausibility for an inherent random walk itl

tllc crystal’s frequency (6). The 01)1’ is fully relativistic, so the gravitational redshift  was

accounted for. q’hc second polynomial started wllw-e the first one stopped, and continued

for about two hours to lhc last l)opplm-  mcasurcmcnt  in the fit. Wc cxtcn)ded  t})c fit this

far bccausc the frequency drift was sufJiciclltly  lillcar.  The USO frequency increased by 660

]nl]z (Av/v = 2.9 x 10-]0) over the last two hours, lnost assuredly a result of radiation dose

to the crystal.



‘1’l]c 10 flyby  at 1 5 . 0  km s- ] at an altitude of 897 km, alld  nearly in 10’s cquatoria]

}Jlat]c (closest approach at latitude --8.5° and west lollgituclc  101. 10), yielded tllc IICW rcslllt

Czz == (559 q: 27) x 10-G. 10’s GM was i)nprovccl to 5959.91 4-0.28 k1n3 S- 2. III the. same

units, tllc GM for the Jupiter systcln  was i]nproved  to 126,712,752 4. 40, and L1lC flyby  of

lturopa at a distance of 32,958 kln at 14:00:54  [J”J’C (Ilartl~  ti~nc) yiclclcd a GM of 3196.81

+ 0.69 (14). ‘J’}lis and other gravity constants dctcrmincd so fiar by the Galileo h4ission arc

listed in ‘J’able 1. A comparison to prior Pioneer and Voyager results is included as W C]] (10).

Masses derived from the GM dctcrminat;ons  depend on knowing the gravitatio!lal  col\-

stallt  G. The currently acccptcd value is (6.67259 + 0.00085) x 10-20 km3 S -2 kg–l  (15) .

‘J’his  yields a mass of (8.9319 3: 0.0012) x 1022 kg for Io and (4.791 O d: 0.0012) x 1022 kg for

Europa. ‘J’hc  Jupiter GM is obtained by subtracting the four Galilcan satellite masses from

the systcm  mass. ‘J’hc ]’ionwr  and Voyager values for Ganylncdc  and Callisto  are 9887 + 3

a~ld 7181 + 3 km3 S –2, rcspcctivcly  (10). ‘J’he corresponding Jupiter GM is 126,686,527 3

40 k]l? S- 2 arid  its mass is (1 .89861 4: 0.00024) x 1027 kg. ‘J’hc ratio of the mass of the Su~l

to the lnass of the entire Jupiter systcm is 1047.34873 +: 0.00033 (16).

4 Geophysical Discussion

A sy]lcllronous]y  rotating satellite in tidal and rotational equilibrium takes the shape of a

hi- axial clli])soid  wit}]  climcnsions  a,h,c (a> b>c). ‘1’hc  lo]lg axis of the ellipsoid is alol]g  the

planet satellite line and the short  axis is parallc]  to the rotation  axis. ‘1’hc distortion of tllc

satellite dcpcrkds  on the magnitude of the rotational and tidal forcing  and the distribution

of Inass  with radius inside the body. ‘1’llc distortion of the satcl]itc  and iLs intcrllal  mass
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distribution find cxprmsion  in the satellite’s gravitational field. Accordi!lgly,  klmwlcdgc  of

the gravitational field,  for exalnple  the value  of Czz, can be used to infer Ll)c liaturc  of the

satc]litc’s illtcrna]  Inass  distribution (5).

“1’hc gravitational cocficicnt Czz is related to the difference in tllc equatorial Inomcnts  of

inertia by

11–A
G’zz = - - -

4 A41F
(1)

wllcrc  the ellipsoidal satellite’s principal Inomcnts  of inertia arc A ,I],C, (C>l]>A).  For a

body in rotational and tidal cquilitmium,  the gravity coefficient Czz is related to the rotational

response parameter q. = 1.7123 x 10-3 (2) by

c~2 = : CYq, (2)

where ~ is a dimensionless response coefficient that depends on the distribution of mass

within the satc]litc (cr = 1 /2 for constant  densi ty) ,  C,ivcn C,22, (2) dctcrmillm (y, and tllc

satellite’s axial lnomcnt  of inertia C follows from

-++:;; :)]’2]il!w
(3)

I’}ic Dopp]cr  data analysis yields ~ == 0.435 and C/MR2 = 0.378 for the nominal value of

C22 = 559 x 10-6.

Thc axial moment of inertia ]cads  dircct]y tO the ixltcrlla] Jnass  distribution  but  it requires

a model ‘of the interior. Consistent with  the constraint on the illtcrnal mass distribution

in-ovidcd by the single datum C22, we assume a simp]c  two--layer model for 10 consisting of

a core of radius rC and dcns]ty  pC surrounded by a nlal~tlc of dcnslty  p,~,. The mean density

F of tllo  two- layer model  is

( )P ‘= ;  3 (P. ‘- P?),) +“ /-%1 (4)
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al)d the axial nmmcnt of illcrtia of the two layer ]nodc] is

(5)

IJI this representation, the com  density pC and radius r. are the basic ul]knowlls  of tllc two-

laycr mode].  For all a s sumed  va lue  o f  pc/F, (4) yklds p,,t/iJ ili terms of T~/11. ‘J’h~Il,  (5)

yields the fractional core radius rC/lL  Ha.sical]y,  three unknown parameters, pC, rC, a~)d p,,,,

fully dcscribc tkc two-layer model. Wc assume a value for pC and dctcrminc  the otllcr two

pa.ramctcrs  from the known mass and inferred rnomcnt of inertia.

Wc summarize results in Table 2 for assumed core densities of 5150 al]d 8090 kg m-us,

rcaso]lablc  values for Fc - FcS and F’c cores in 10 (17). The thTcc values of C22 arc the inferred

value of C22 from the l)opp]cr  data alld its plus and minus one- sig]na  variations. IIcnce, the

central coluInn  of numbers is the most likely. The core radius in these models is kmtwecn

ahout 45% and 58% of lo’s radius if the core is Fc FcS, and lmtwccn  about  31 Yo and 40~o

if Lllc cm-c is Fe., ‘1*1Ic mass of the COYC is between about 13% and 28% of lo’s lnass,  for aJl

Fe FcS core composition, and bctwccn  about  7% and 14% for a pure iron core. Unccrtaillty

in the actual value of pC/~ results in the possible values of COJC size and mass shown in Fig.

.
6.

‘1’lIc theory for the equilibrium distortion of 10 allows dc~crmination  of the ellipsoidal

shape of tllesc models, so values of (a-c)/c and (b-c)/c arc also inc]udcd in ‘J’ab]c 2. ~’hcsc

values arc indcpcndcnt of the choice of pC/~; they compare well wit}]  the determination of

lo’s sllapc from Voyager 1 imaging data (1 8).

‘J’liough lack of know]cdgc  of the cllclnica]  coxnposition  of 10’s core prcc]udcs  us from

dcrivi~lg  the exact size and mass, the conclusio~]  that 10 has a large metallic core is robust.
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‘1’t)c gravitational signal of t,l]is core has Lcml Ilr]al]ll)igllollsly detcctcd during tllc Gali leo

ilyby  of 10. in colnparison, there is yet  no certain observational clctcctioll  of a ]ur]ar  core,

which is at most about 20% of the Moon’s radius.

5
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q’hc specific problem of fit,til)g  radio l)opp]cr  data to sl}acccraft  trajectory models is

discussed by T. D. Moyer, Ykchnicul  Report  No. 7’R 32-1527 (Jet l’repulsion I,abora-

tory, ]’zwadena,  1971) and J. 1), Anderson, in Experimental Gravitation, 11. Ilcrtott)i,

Ed. (Academic Press, Ncw York and ],onclon, 1974), pp. 163-199. ‘1’hc numerical fit-

~i~lg algorithms used in the 01)1’, ilJcluding  singular value decomposition, arc discussed

by C. L. l,awson and R. J. ]Ianson,  Solving Lcust Sguarcs  Proldems,  (Prcnticc  IIall,

Englcwood  Cliffs, NJ, 1974).

Currently acccptcd  astronomical constants and rcfcrcncc syslmns arc given in 1’. K.

Scidclmann,  Ed., Ezplanatoy  Suppkmcnt to the Astronomical Almanac (University

Scicncc  Books, Mill Valley, CA, 1992).

A Celestial Mechanics Experiment, sitnilar  to the Galileo cxpcrimcnt  discussed here,

was included on the Pioneer 10 and 11 Missions, but  Ilot on t}~c Voyager Mission at

Jupiter.  Prior to the Galileo Mission, the best illforInation  on the Jupiter gravity field

was provided by Pioneer 11 at a flyby  distance of 113,000 k[n (1 .61 ItJ). IIowcver,

tllc l’iollecr  11 cxpcrilnent  was ]imitcd by the occultation of tlw spaccc.raft by Jupiter

at closest approach. ]tcsults were  repor ted  Ly C. W. Null,  J. 1). Anclcrsol~, S. K.
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Wong,  Scicncc  12, 476-477 (1975), J. 1). AndcrsoII  iII Juj~ikr, T. Gchre]s, ltd. (rj’])c

IJ]jiv. of Arizw)a l’rcss, ‘1’uc.soI], AZ, 1976), pp. 113-121, G. W. Null, Ast.roIL.  Jwr.

81, 1153-1161 (1 976). After Voyager 1 and Voyagcl-  2 colnplcted  their Ju]jiter  flybys,

J.  K. Campbell  and S. 1’. Synnott,  Astron. Jour.  90, 364-372 (1 985) co~nbillcd  the

l’ioncer  10 and 11 IIopp]cr  data with Voyager l]avigation  data to obtain  the ]nost

comprehensive information on the gravity field of the entire jovian  systc]n.  Ilccausc

of data limitations and the nature of the four flybys they considered, they had the

most difficulty determining Gh4 values for 10, Fhropa,  and the Jupiter systcm, the

three parameters most accessible with the Galileo data. In GM units of km 3 s -2 ,

their formal uncertainties (as derived from the least-squares covariancc  matrix) were

unity for both  Io and Europa, and only 5 on the system GM.  IIowcver, to compensate

for systematic errors and to report what they considered realistic standard errors,

they increased these GM errors to 10 for 10 and Europa, and to 100 for the system.

Our recommended Galileo standard errors arc considerably slnallcr  tha]l prior realistic

errors. This improvcnlcllt  results from the close Galileo flybys  of Io and Europa. The

Galileo Europa flyby at 32,958 kn) contrasts with the closest prior flyby by Voyager 2

at 206,000 km. Similarly, the Galileo 10 flyby at 2718 km emkrasts  with the Voyager

1 flyby  at 21,000 km. ‘J’hc Galileo Jupiter flyby  at a distance of 214,574 km (3.05  I{,J)

is comparable to Pioneer 10 at 203,000 km. The Voyager 1 and 2 flybys were more

distant at 349,000 and 722,000 kin,  rcspcctivcly.

11. 13. 1). ‘J’ap]cy  in Rcceni  Advances in I)ynamical  Astronomy, 11. 1). ‘1’ap]ey and V. Sze-

bchc]y,  Eds. (D. Rcidc],  ])ordrccht  and Iloston,  MA, 1973), ])]). 396-425 discusses the
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12.

13.

14.

statistics of orbit  dcterlni]~atiol),  including t}lc lil)car-ization  of tllc llolllillcar  probknn,

and tl)c lni]iimum variance cst,i]natc  with a priori illfor~nation  - two tccll])iqucs  used

in our analysis.

It. A. Jacobson of J] ’I, dcwclo])ccl  ncw satc}litc  cphclncridm  for the Galileo ]’rojcct in

support of the Navigation Team, Ilc numcrical]y  integrated the four Galilcan satellites

and fit ground-based astromctric  data, including satellite mutual events, IIis  force

mode] included the best availahlc Jupiter gravity parameters (1 O). IIc illcludcd  33

parameters in the fit, including the initial position and velocity for t}lc four Galilca]l

satellites, five GM values for the satellites and the Jupiter system, J2 and J4 for Jupiter,

and the right ascension and declination of Jupiter’s pole,  IIc rnadc small corrections

to the five GM values, but left the Jupiter gravity parameters and the po]c  unchal)gcd

from their spacecraft flyby values. ‘1’hc fitting model was fully relativistic, co]lsistcmt

with the ODP, Relativistic terms in the satellite orbits arc important for consistcmcy,

but they arc too small to provide tests of gcnmal relativity.

This arcane terminology from classical cclcstial  mcc}]anics can bc found in standard

texts on the subject, for cxamp]c,  F. R, Moulton, An  introduction to Cc/cstia/ Mechan-

ics (Macmillan, Ncw York, cd. 2, 1914), or at a more advanced level, D. Brouwcr  and

G. M. Clcmcncc, A4cthods  of Celestial hlcchunics  (Academic Press, New  York, 1961).

‘J’hc radius r depends on the true anomaly f through t}lc polar equation of a conic

section ccntcrcd  at onc focus; r = p/(1 +C cos f), wllcrc  p is the semi-latus rectum and

c is the eccentricity.

Forma] error estimates from tllc ]cast--squarcs covariatlcc  lnatrix  arc based ox) an as-

15



sumpt,ion  of indcpcl}dcnt,  lncasurclncnts  drawn fr’oln  a Gaussian  IIoisc!  distributioli.  ‘]’hc

Galileo l)op])]cr  frcqucl]cy  data arc Gaussian, hut their power s~)cctral  dc)]sity  follows

an f-213 law arising from ]jro~]agation  of the radio carrier wave throug}]  solar plasma

(Fig. 2). R. Woo and J. W. Arlnstrong,  Jour. ~CO@yS. ]kS.  84, 7288-7296 (1 979)

have shown that t}]is is tl)c  expected noise spectrum for a radio wave passing ~nore

than 20 solar radii (5.5° ) from t}m Sun and subject to a one dimensional Kollnogorov

electron density spectrum wit}) spectral ;ndcx 5/3. The variance of spectral cst;lnatcs

of a signal roughly follows the same power law dependence as the noise s~)cctrum,  so

the Galileo gravity s;gnals  arc bcttcl  determined at higher Fourier frcqucllc.ies.  Our

data wc;ghting,  with an assumed variance approximately equal to the varia]]ce  of tllc

])opplcr  residuals (4 mm 2 S-2), is a,bout  right for t})c Io and lturopa  gravity signals,

where the peak Fourier components arc around  2 x 10–3 IIz. IIowcvcr, it is too op-

tilnistic  for the lower-frcqucllcy Jupiter mass signal. We therefore retain the formal

errors for the satellite gravity parameters, lmt ;ncrcase the forvnal J u~)itcr mass error

by a factor of three. All errors reported in this article arc best estimates of realistic

standard error,

15. E. IL Cohen and 11. N. Taylor, RCV. Mod. l’hys.  57, 1121-1148 (1987). The currently

accepted value of G has been challenged by experimental groups engaged in new lab-

oratory measurements (SCC  the report in Scicncc  NC W S:4 /29/95, p.263).  If a new  va]uc

for G is adopted by the physics community, a revision of the masses reported }lcrc may

bC necessary. T}IC mass js dctcrlnined  froln  tllc flyby values of Gh4 divided by  G, so a

fractional change in G would require tllc same fractional cl]allgc in tllc l[lass  with oppo-



16.

1’/.

18.

site sign. The currcl]t  mean dcnsi!,ics for 10 and Europa arc limited by tllc unccrtail)ty

irl G and by current ul]ccrtailltics in satellite volumes. As the Galileo orbital  Missio]]

progresses, improved VO]UII)CS  should become availab]c  from ilnaging  data analysis.

IIi deriving the mass of the Sun to the mass of a planet, a va]uc  of GMO == 1.327124408

X 10’1 k m3 S - 2 is used. It is the best dctcrmincd constant in astronomy and is accurate

to the number of digits given. IL is dctcrmincd from accurately known periods of the

planets together with radio ranging measurements between Earth and Mars with Viking

Landers between 1976 and 1982; scc R. 11. Rcascnbcrg  ct al., Astrophys. J. 234, 1,219

(1 979); The Astronomical Almanac /or the Year 1988 (Government Printing OKicc,

Washington DC, 1987); A. M. Nobili and C. M. Will,  Nature 320,39 (1986).

M. Scgatz,  T. Spohn,  M. N. Ross, G. Schubert, Icarus 75, 187-206 (1 988); M. Wicn-

brucll  and ‘1’. Spo]ln,  Planet.  Space Science 43, 1045-1057 (1995).

M .  ])avics  et al., Cc!cst.  kfcc/L.  and ])y?l. Astron.  53, 377-397 (1992) give values

for the three principal axes of 10 as dctcrlnined  by Voyager 1 imaging data. ‘1’hc

axes arc a=1830,0 km, b= 1818.7 km, and c==l 815.3 km, all with uncertainties of

0.2 km. l’hc error characteristics of an elliptical shape determination can bc derived

from an assumed continuous distribution of radius mcasurcmcnts. For the flattening

(a-c) /c, the error is equal to <8 times the fractional error in each indcpcndcnt radius

lllcasurcmcnt  (WC assume 0.2/1 821 for 10). IJsing  the puMishcd axes and t}lis  error

result, wc obtain (a-c)/c = (8.10 + 0.31) x 10 -3 and (b-c)/c == (1.87 + 0.31) x 10 - 3.

‘1’hcsc  values and their estimated ullccrtaintics  arc consistent with ‘J’ahlc  2.

17



19. ‘1’llis  cxpcri]nm]t  was coordil)atccl  at J]’], by tllc  Galileo Hadio Scicnc.c Sul)I)ort  ‘j’ca]n,

IL G. IIcrrcra ‘J’cam l,cadcr.  ‘1’})c  radio IIopp]cr  clata  were gcncratcd  with tllc sulJ}JorL

of the OiTcc  of q’racking  and l)ata Acquisition arid the ])ccp Space Network. ‘1’hc data

analysis dcpcndcd on the availability of software and pcrsonnc]  of the ~~alileo  l’rojcct

Nav iga t ion  ‘1’cam, W. E. I{ir}]ofcr  Team l,cadcr. WC tllallk all conccrnccl  for  their

help and advice. Wc also thank E. L. l,au for generating plots from O1)P  computer

files. ‘J’his  work was sponsored by the Galileo Project and was performed at the Jet

Propulsion Laboratory, California lnstitutc  of Technology, under contract with the

National Aeronautics and Space Administration,

(3 Figure Legends

Fig. 1. Plot of the Czz 10 gravity signal (solid line) dctcctcd in the noncolwrent

l)op~)lcr  data near 10 closest approac]l. Noncmllcrcnt  data arc rcfcrenccd  to the space-

craft’s  tcmpcrat,urc-  control]cd  crystal oscillator (USO). U1lits  of I)opp]cr  frcqucl)cy

shift arc mm s-) according to the formula cAv/v.  IIcrc AU rcprcscnts  the l)opp]cr

frequency shift in IIz, v = 2.3 x 109 }Iz is approximately the spacecraft’s S-band

transmitter frequency, and the s])ccd of ligl]t c = 2,998 x 101] mm s- ]. ‘J’llc  dashed

]incs rcprcscnt the 4:2 mm s- 1 standard error of the data. “1’hc bias in the signal aftcl

closest approach versus before c]oscst  al)proac]l  is masked hy ot]lcr ~]aramctcrs in tl] c

fit. It is the rapidly c}langing  gravity signal on a time scale of 20 llliIl  t]lat yields t]IC

paralnctcr  (&.

Fig. 2. IMimatc  of power- spectra] dcllsity  for combined cohcrcnt  and nonco}jcrcr]t

18



l)opplm frequency residuals. ‘1’llc das]icd  line rc])rcscllts  f- 213 solar IJlasma  noise (1 4).

All  sigllificant  systematic t rends IIavc Lccn rcmovcxl by the 23- paralnctcr  fit. ‘1’hc

incrwasc  in the spectrum at about  2 X 10–4 }Iz (5000 s pcriocl),  and dccrcasc  at lower

frequcncics,  is a result of statistical nonstationarity  over the 3.8 days of the cx~)cr;lncnt,.

l’he variance on the residuals, equal to the intcgra]  of the spectrum over the entire

bandwidth of the clata,  is 6.455 1nm2 S-2 and the corresponding standard error is 2.54

mm s--]. in a narrower high--frequency hand starting at the lower limit for the 10

gravity signal at about 2,78 x 10 -4 lIz (3600 s period), and cxtcllding  to the higl]-

frcqucncy  cutoff, the standard error is 2,17 Inm S-l. ‘J’hc data weights used in tl]c

least-squares data analysis dcscribcd  in the text correspond to a standard error of 2

lnm s- 1 at a 60 s sample intcrva], g’his weighting yields a realistic estimate of the error

for the 10 and Europa gravity ])aralnctcrs,  but  for lower-frequency components, such

as the Jupiter mass signal, it undcrcstimatcs  the realistic. error by a factor of three.

Fig. 3. Ratio of core radius to 10 radius (a) and core mass fraction (b) versus ratio of

core density to mean density pC/~ wit]l C22 as a parameter. q’he ratio pC/~ is a&$ulllc(]

to vary bctwccn  1.46 and 2.29. Tl)csc  cxtrcmc values correspond to pC == 5150 and

8090 kg m-3, the densities of an Fc l~cS cutcctic Compositio]l  core and a pure Fc core,

rcspcctivc]y  (17).
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7 Tables

Table 10  lnitia] Galileo  gravity  rcs[llts  co]nparcd to

prcvio~]s  l’io]lccr  al)d Voyager results (I ())

GM units are km 3 S - 2; units 10-6  for gravity coc~cicllts  Czz, Jz, J4, J6
. ..— .—._. .  __ __ _____ --

Parameter Galileo

- - - - -— — — _ . .——. —._
Q(lo) 5 5 9 3 2 7

GM (System) 126,712,752$40

GM (Jupiter) 126,686>527 + 40

GM (]0) 5959.91 + 0.28

GM (lluropa) 3196.81 * 0.69

GM (Ganymcde) NOI]C

GM (Cal] isto) None

J2 (Jupiter) None

J4 (Jupiter) None

J6 (Jupiter) None

20

P i o n e e r

ancl Voyager

None

126,712,767 + 100

126,686,5374, 100

5961 * I(I

3200 + 10

9887 & 3

7181 +3

14736 * 1

–587$  5

3] 4, 20



Table 2. ‘J’wo layer  10 modc]s  for illfcrrcd  values of Czz.

pC/~ =- 1.459 for Fc FcS core model and 2.292 for Fe core moclc].
——— .—

CZZ  units 10-”6

C/MR2

(a -- c)/c units 10 - 3

(b -- c)/c units 10 - 3

rJR

MC/M

rC/R

MC/M
—

532 559

0.371 0.378

7.681 7.897

1.920 1.974

}Fc l~cS core model

0.576 0.517

0.279 0.202

Fe core mode]

0.397 0.357

0.143 0.105

586

0.38(3

8.113

2.028

0.447

0.130

0.310

0.068
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